We assessed the preferred directions (PDs) of supplementary eye field (SEF) neurons during conditional visuomotor learning. Monkeys learned to select one of four saccadic eye movements in response to a fovea1 instruction stimulus (IS). ISs were either familiar or novel. Each familiar IS reliably evoked one saccade: 7" left, right, up, or down from the central fixation point. Novel ISs initially triggered virtually random responses among those four possibilities, but the monkeys ultimately learned to select the instructed saccade. As reported previously, activity rates on novel IS trials significantly changed during learning. Some of these cells (learning-dependent) also have significant modulation on familiar IS trials, but others (learning-selective) lack such activity. Of the former, the familiar IS activity can be either directionally selective or omnidirectional. For most neurons, PDs were apparent during all phases of learning, but they were rarely constant. Only infrequently did a neuron's PD for novel ISs closely match that for familiar ISs throughout the learning process. In directional learning-dependent cells, the PD usually reoriented near the end of learning to resemble that for familiar IS trials. In omnidirectional cells, initially evident PDs dissipated with learning, even as the cell became more strongly modulated. Learning-selective cells typically began with significant PDs, but became unmodulated as learning progressed. Our findings show a pervasive lability in SEF PDs that may reflect a flexible and rapid remapping between inputs and responses within the premotor cortical network.
Key words: motor learning; frontal lobe; preferred direction; context dependency; supplementary eye field; spatial representation Directional preferences (PDs) of cortical neurons have been extensively documented in primary motor and premotor areas (Georgopoulos et al., 1982 (Georgopoulos et al., , 1983 (Georgopoulos et al., ,1989 (Georgopoulos et al., ,1992 Schwartz et al., 1988; Kalaska et al., 1989 Kalaska et al., , 1992 Caminiti et al., 1990 Caminiti et al., , 1991 Lurito et al., 1991; Kalaska and Crammond, 1992; Schwartz, 1992 Schwartz, , 1993 Schwartz, , 1994 Smyrnis et al., 1992; Ashe et al., 1993; di Pellegrino and Wise, 1993; Fu et al., 1993; Johnson et al., 1993; Ashe and Georgopoulos, 1994; Crammond and Kalaska, 1994) , in the eye fields of the frontal cortex (Bruce and Goldberg, 1985; Schall, 1991a,b; Schall and Hanes, 1993; Hanes et al., 1995; Olson and Gettner, 1995) (see also Schlag and Schlag-Rey, 1987a,b; Schlag et al., 1992; Russo and Bruce, 1993; Tehovnik et al., 1994) , in subcortical "motor" structures such as the cerebellum (Fortier et al., 1989) and basal ganglia (Hikosaka and Wurtz, 1983; Hikosaka et al., 1989; Buford and Anderson, 1993) and in other cortical areas such as prefrontal (Vaadia et al., 1986; Funahashi et al., 1990 Funahashi et al., , 1991 and parietal (Kalaska et al., 1983 (Kalaska et al., , 1990 Georgopoulos et al., 1984; Barash et al., 1991; Gnadt et al., 1991; Ashe and Georgopoulos, 1994; Johnson et al., in press) cortex. Similar observations have been made for limb position and passively imposed movement at the spinal level (Bosco and Poppele, 1993) . In theories based on these findings, it is commonly assumed that the directional tuning function is a characteristic of each cell, one that does not change dramatically over time. However, PDs have been studied only in subjects performing overlearned behaviors.
The supplementary eye field (SEF) is an oculomotor cortical field that has been variously termed area 6afl, F7, or dorsomedial frontal cortex Schlag-Rey, 1985, 1987a; Mann et al., 1988; di Pellegrino and Wise, 1991; Luppino et al., 1991; Matelli et al., 1991; Schall, 1991a; Bon and Lucchetti, 1992, 1994; Schlag et al., 1992; Russo and Bruce, 1993; Tehovnik and Lee, 1993; Tehovnik et al., 1994) . We have demonstrated previously (Chen and Wise, 1995a,b) that cells in SEF, like those in the dorsal premotor cortex (Mitz et al., 1991; Germain and Lamarre, 1993) , show significant evolution of their task-related activity modulation during the learning of new visuomotor associations. The present report addresses changes in PD during conditional oculomotor learning. If this measure represents a fixed property of a neuron and its information processing functions, then one would predict that PDs should be constant during learning and persist after they develop. Both predictions can be rejected.
MATERIALS AND METHODS
Subjects. The two adult, male rhesus monkeys (Macaca mulatta, used in the present study were the same as those used in Chen and Wise (1995a,b) .
The apparatus, surgical and histological methods, microstimulation methods and results, and the electromyographic methods are described in detail there. The basis for identification and localization of the SEF-intracortical microstimulation and the location of neurons with presaccadic activity modulation-is elaborated in those reports. Behavioral paradigm.
The monkeys sat in a primate chair, with heads tixed, facing a video screen that subtended 210" of the visual field. Eve movements-were monitored at 200 samplesisec with an infrared ocufometer (Bouis Instruments) in front of the right eye. Each monkey was operantly conditioned to perform an oculomotor task that required the association of complex, fovea1 visual stimuli with a saccadic eye movement (Fig. 1) . The trial began with the presentation of a blue (0.1") A, The monkey maintained gaze at the central fixation point (not shown) for 500 (or occasionally 600 or 800) msec. A visual instruction stimulus was presented for 500 (rarely 600) msec, followed by 1.5-3.0 set delay period, while the fixation point remained on (left). At the trigger stimulus (fixation point off), the monkey made a saccade to one of the four targets and maintained tixation at the target for 600 msec (right fixation spot at the center of a video screen. As soon as the monkey tixated that spot, it changed from blue to white and four potential eye-movement targets (0.2" light green squares) simultaneously appeared: 7" up, down, left, and right from center. The monkeys were required to maintain gaze angle within a 22" (square) window centered on the fixation spot. As the monkeys maintained fixation, a reference period (usually 0.5 set) was followed by the superimposition onto the fixation spot of a complex, visual instruction stimulus (IS) for 0.5 set or, occasionally, 0.6 set (not illustrated). Each -2.4 X 2.4" IS was a composite of one to four elements selected from a set of rectangles and annuli of various hues, orientations, brightness levels, and sizes. Each IS instructed an eye movement to one of the four targets. Four ISs were used as familiar stimuli, one for each saccade (or target). Novel stimuli were added, usually two to four at a time, to the group of four familiar stimuli for presentation in a given block of trials. For each set of six to eight ISs, the IS on a given trial was selected pseudorandomly from the set until each had been used once. A set of ISs was used for a block of 100-300 trials.
After IS offset, an instructed delay period of 1.5-3.0 set began (Fig.  1B) . If the monkey failed to maintain a steady fixation during that delay period, the trial was aborted. When the delay period expired, the fixation point disappeared (Fig. 1B) as the "go," or trigger, stimulus. The monkeys then had to make a saccade to the correct 2" (square) target within 0.55 set and maintain gaze there for 0.6 set to receive reinforcement (0.3 ml of liquid diet). Retrials were run after incorrect responses.
Recording methods. Glass-coated, metal electrodes (l-2 MfI measured at 1 kHz) were used to record neuronal activity. Single-unit potentials were filtered with a bandpass of 600 Hz to 6 KHz, amplified and discriminated using a Multi-Spike Detector (Alpha-Omega Engineering, Nazareth, Israel). Cells were usually isolated as the monkeys learned novel conditional oculomotor associations. Analytical methods. We present neuronal-activity data from correctly executed trials only. Neuronal discharge during each trial was measured in five task periods (see Fig. 1 ): (1) a reference (baseline) period, usually 8-520 msec before IS onset; (2) an instruction period, 80-320 msec after IS onset; (3) part of the instructed delay period, from 400-1200 msec before target acquisition (which did not include any time after the trigger stimulus); (4) a presaccadic period, 20-200 msec before target acquisition; and (5) a postsaccadic, target-fixation period, from 200-600 msec after target acquisition. Task-related activity and the existence of significant directional biases were assessed against the reference-period activity with a two-factor ANOVA (a = 0.05). The directional cases studied in this report were limited to those with directionality as a main effect. PDs were calculated as the circular mean angle, determined as the average of the normalized vectors for each saccade direction (Batschelet, 1981) . The magnitude of directional bias corresponded to the mean vector length, which ranged from 0 to 1. The V test (Batschelet, 1981) was applied to evaluate whether the distribution of PDs had a significant asymmetry. In the present convention, 0" indicates a directional bias ipsilateral to the recorded hemisphere, and 180" designates a contralateral bias.
We measured activity in each task period separately. The term "case," as used in the present report, refers to the activity of a cell during a given task period. Although a neuron could, in principle, be studied in as many as four task periods, in practice, the vast majority of cells showed significant learning-related changes in only one or two task periods. Most of our analysis is based on this case-by-case analysis, which acknowledges the complexity of neural information processing in the temporal domain. However, all of our findings and conclusions were confirmed in a parallel, cell-by-cell analysis. The cell-by-cell analysis was performed on neurons that exhibited excitatory modulation during either the instruction period, the presaccadic period, the instructed delay period, or both instruction and presaccadic periods, but not during any of the more complex combinations of task periods.
We separately measured activity on trials instructed by familiar ISs and those instructed by novel ones. It should be noted that novel and familiar ISs were randomly interleaved from trial to trial. As described above, stimuli were randomly selected from a set that usually included a variable number of novel ISs and the four familiar ISs.
The monkeys' performance and the evolution of neuronal activity that accompanied learning were evaluated with the change-point test (Siegel and Castellan, 1988) which detected whether the early values in a sequence of binomial or continuous variables differ from later ones. The acquisition of behavior was evaluated using the change-point test for binomial data; the changes in neuronal activity were evaluated with the change-point test for continuous variables (a = 0.01). Reference-period activity and activity for familiar IS trials were subjected to the same time-trend analysis. All cases tested for significant time trends showed significant task-related modulation, defined as a significant difference from reference-period activity (ANOVA, (Y = 0.05).
Different phases of learning were defined on the basis of the monkey's performance, which was calculated as a centered, three-trial moving average of sequential correct and incorrect responses to an initially novel IS. The trial of criterion performance was defined for each case as the first instance of three consecutive correct responses in that moving average (see Fig. 4A ,B) (Chen and Wise, 1995a) . The middle trial of that group of three consecutive trials was recoded as trial number 0. The first trial of each case was designated as the "early" phase of learning. Trials from two before until two after criterion (numbered -2 to +2) were designated as the "middle" phase of learning. Trials three to seven were termed the "late" phase, and last two trials were considered the "established" phase for the purpose of the present analysis. These divisions are illustrated at the bottom of Figure 4 , C and D. Note that for the middle and late phases of learning, the trials averaged to calculate a PD might arise from different periods of a learning block. By contrast, the early and estab- Trial from criterion performance lished phases of learning took the first or last two correctly executed trials, respectively, regardless of the animal's learning rate for the individual visuomotor associations.
To evaluate the change of PD in novel IS trials, we performed a circular statistical test on the PDs of each learning phase against the 99% confidence limit calculated from all familiar IS trials (Batschelet, 1981) . Data from familiar IS trials, separated by learning phase, were subjected to the same test.
well as during target fixation. There were no differences in eye stability for trials with familiar versus novel ISs. We found no significant difference in the response latency for the four saccade directions or during learning novel conditional oculomotor associations ( Fig. 2) for either subject.
Directionality of SEF cells RESULTS Behavior
The monkeys achieved 98% correct performance in response to the familiar ISs. On average, the monkeys learned the correct responses to novel ISs within approximately five correct trials, making approximately six errors in the process (Chen and Wise, 1995a). We found no significant directional biases in the monkeys' initial responses to novel ISs during learning. An analysis of the first two responses to a series of 100 novel ISs, selected only because the monkey's first response was "incorrect" and therefore unrewarded, revealed that the monkey's selections were nearly random. In terms of Tulving's (1962) "RNG" index, for which 0 indicates complete randomness and 1 shows completely ordered choices, that sample of monkey behavior yielded an RNG index of 0.18. To put this value in perspective, most published random number tables of the early 1970's had RNG indices of 0.24 ? 0.25 (SD) for n = 100, and when human subjects are asked to generate 100 random numbers they can usually do no better than 0.55 (Evans, 1978) . Most of the "order" in the monkey's response stemmed from a low probability (p = 0.03) of repeating a previously nonreinforced response. When that factor was eliminated, the monkey's RNG index decreased to 0.06, i.e., virtually complete randomness.
About half of the SEF cases in our sample showed PDs in the task periods assessed (Chen and Wise, 1995a) ( Table 1 ). The PDs of cases with mean circular vectors 20.2 were analyzed further to assess their hemifield biases. There was a significant bias contraversive to the recorded hemisphere. For the instruction period, the mean angle of all PDs was 204" (n = 41, V test; u = 1.70;~ < 0.05); for the instructed delay period it was 159" (n = 58; u = 1.91; p < O.OS), and for the presaccadic period the mean angle was 151" (n = 73; u = 2.06; p < 0.02). Notwithstanding the significant contralateral biases that existed in the population, all quadrants were represented in both hemispheres.
The monkeys' saccadic eye movements were highly stereotyped: they maintained stable gaze during the instructed delay period as To compare PDs in different task periods for the 34% of our neuronal sample that showed significant and directionally biased modulation in more than one task period, we calculated the circular correlation (Batschelet, 1981) as well as the mean angular difference across task periods. There was a weak but significant negative correlation between the PDs of the instruction period and those of the instructed delay period (u' = 0.38; df = 15; p < 0.01) as well as a weak positive correlation between the PDs of the instructed delay period and that of the presaccadic period (y2 = 0.37; df = 31; p < 0.01). The averaged angular difference in the former was 65 2 15" (mean t SE), whereas that in the latter was 37 t-7". There was no significant correlation between the PDs of the instruction period and that of the presaccadic period (Y" = May 1, 1996, 16(9):3067-3081 Chen and Wi se . Evolution of Preferred Direction i n SEF Figure 3. SEF cell with learning-dependent activity in the instruction period. A-D, Histogram and rasters showing the activity evolution when four saccade directions were instructed by four different novel ISs. Only data from correctly executed trials are shown, in the order of their occurrence (for each movement direction) from top (first) to bottom (last). Thin arrows mark the trial on which criterion performance was achieved (ctifetion). IS, Instruction stimulus onset; X, IS offset; TS, trigger stimulus; acq, target acquisition; rew, reward. Note that the familiar IS trials and these novel ISs were interleaved pseudorandomly in the block with several other novel and familiar ISs. Activity scale in impulses/set, the same for all plots. In the polar plot, the circle represents the average activity during the reference period. D, Activity modulation for different saccade directions and the novel ISs associated with those saccades for each phase of learning. At the bottom of C and D, the mean vector for each learning phase is shown (bold arrow), as well as the familiar IS mean (solid radius) and 99% confidence limit (dashed radius) for the entire block. The vector length is scaled with reference to that of the novel PD during the established phase. @en circles, Down; filled squares, right; open squares, left; filled circles, up. Each value represents the average activity in a given learning phase. fml, Mean activity on familiar IS trials; ref, mean activity tl SD in reference period.
0.15; df = 14; p > 0.10) for which the average angular difference was 62 t 14".
Directionally specific activity changes during learning Figure 3 illustrates the trial-by-trial evolution of neuronal activity of an SEF cell during conditional oculomotor learning. The figure shows data only for correctly performed trials, in the order (from top to bottom for each saccade direction) that they occurred. The significant task-related activity of this cell was confined to the instruction period, the time between IS onset and offset. During the first several trials of learning, i.e., the first correctly executed responses to presentations of an initially novel IS, the cell's activity was relatively unmodulated. In those early presentations, the cell showed neither task-related activity nor directional preference (Fig. U-D) . As the monkey's performance in response to initially novel ISs improved, the activity modulation rose for the novel stimulus instructing downward saccades (Figs. 30 and 4A ) and, to a lesser extent, also for the stimulus instructing rightward saccades (Figs. 3C and 4B ). The activity gradually incremented to within an SD of the levels observed for familiar IS trials (Fig. 4&Q . May 1, 1996, 76(9):3067-3081 Chen The gradual development of that cell's PD can be appreciated best from Figure 40 , which plots instruction-period activity during early, middle, and late phases of learning, and at the end of recording (the established period). In the early phase of learning, the activity during novel IS trials was relatively low for all saccade directions. However, by the late and established phases, discharge rates had risen dramatically, mostly for downward, but, to a lesser extent, also for rightward saccades. During those later learning phases, the PD for the four novel ISs resembled that observed for the four familiar ISs (Fig. 40, fml) . The PDs for familiar IS trials remained consistent during learning: 320" during early phase, 290" during middle phase, 304" during late phase, and 299" during established phase of learning. These PDs fell within the 99% confidence limit (309 ? 25"), calculated from the familiar IS trials during the entire block (Batschelet, 1981) . However, the PDs for novel ISs showed dramatic changes during learning: 185" during the early phase, 18" during the middle phase, 294" during the late phase, and 288" during the established phase of learning. The PDs for novel IS trials during early and middle phases of learning significantly deviated from those for familiar PDs 0, < O.Ol), whereas those from the late and established phases did not.
Cells with PDs for familiar IS trials
Learning-dependent cases were defined on the basis of two factors: they showed both a significant time trend in modulation during learning (i.e., for sequential, correctly executed novel IS trials), and they had significant task-related activity on familiar IS trials [see Chen and Wise (1995a) for a more detailed definition].
Learning-dependent cases that showed a significant PD for familiar IS trials will be analyzed in this section. There were 22 of those cases obtained from 14 cells for which at least one novel IS was adequately tested in each of four saccade directions. They showed no apparent difference in the magnitude of their directional biases or preferred hemifield.
Of the 22 cases that showed a PD for familiar IS trials, six (27%) showed a similar PD for novel IS trials during the early phase of learning. In each of those six cases, the PDs for novel IS trials remained, throughout learning, within 230" of those observed in the familiar IS trials (Fig. 54) . However, in 16 of those 22 cases (73%), the PDs for novel IS trials shifted during learning (Fig. SB) , especially in its early and middle phases. Gradually, over the course of learning, the novel IS PDs came to resemble those for familiar IS trials. By the middle phase of learning, nine cases (41%) had novel IS PDs within 530" from the PD of familiar IS trials. By the late phase, 14 of 22 (64%) did so, and by the established phase, 17 of 22 (77%) cases had novel IS PDs within 30" of the familiar IS PD (Fig. 6A) .
To further assess the evolution of directional modulation during conditional oculomotor learning, the circular mean vector was calculated (Batschelet, 1981) . Figure 6A shows for each case the absolute value of the angular difference of the circular mean vectors (familiar vs novel IS trials). The novel IS PD deviated from the familiar IS PD by a mean of 65" in the early phase of learning, 53" in the middle phase, 30" in the late phase, and 29" by the end of recording (the established phase). Thus, . PD evolution during different learning phases. Data shown are from learning-dependent cases with a significant PD for familiar IS trials. A, Distribution, for each case, of the absolute value of the angular difference between the PD for familiar IS trials and that for novel IS trials in each learning phase. The hatched bars show the cases with absolute angular differences of 530". B, DI, in each learning phase, for the direction of saccade that is associated with the strongest modulation in familiar IS trials (familiar-maximum direction). C, DI, in each learning phase, for the direction of saccade associated with the least activity in familiar IS trials (familiar-minimum direction). fml, Familiar; nvl, novel; PD, preferred direction.
during learning, the PDs shifted toward that observed in familiar IS trials. A directionality index (DI> (Fig. 6B ) was also calculated for each case. Distributions of the DZ were calculated for two directions, both based on familiar IS trials. The saccade direction associated with the most activity on familiar IS trials was termed the familiar-maximum direction (Fig. 6B) . The familiar-minimum direction was the saccade direction associated with the least discharge on familiar IS trials (Fig. 6C) . Thus, the familiarmaximum direction resembled the PD, but does not take into account the weight of activity for other saccade directions. For each phase of learning (early, middle, late, and established):
where A,, is the activity rate associated with the familiarmaximum (Fig. 6B ) or familiar-minimum (Fig. 6C ) direction for that phase of learning, and A, is the largest activity in the same learning phase. Consider, for example, a case in which the familiar-maximum is 60 impulses/set for rightward saccade trials. If the highest activity in a learning phase is 30 impulses/set (AL) and it is also for rightward saccades (A&, then DZ = 30/30 = 1. Thus, in Figure 6B , a DZ of 1 indicates that the saccade direction associated with the maximal discharge rate for that phase of learning is the same as for familiar IS trials, regardless of the absolute level of activity. A DZ of 0 in Figure 6B , of which there are six cases in the early phase of learning (UKXV), indicates complete inactivity on novel IS trials for the saccade direction that will be the maximum on familiar IS trials. DZs between 0 and 1 denote that there is some activity associated with the familiarmaximum direction, although it is less than that for some other saccade direction. Note in Figure 6B the shift in the DZ distribution as learning progressed. The mean DZ was 0.56,0.80,0.93, and 0.97 in the early, middle, late, and established phases, respectively. The DZs were significantly different among these different phases of learning (Kruskal-Wallis test, p < 0.0003), but there was no significant difference between the established phase of learning Figure 6C shows a similar analysis for the saccade direction associated with the least discharge during familiar IS trials. Note that during the learning process there are a number of cases with substantial activity in familiar-minimum direction, and that, occasionally, the direction that is minimal for the familiar IS is maximal during learning (arrow in Fig. 6C) . A correlational analysis of the same data is illustrated in Figure  7 . We calculated the Pearson's correlation coefficient (r) for the mean activity associated with each saccade direction in familiar IS trials versus the same directions for each of the learning phases. The correlation coefficient was 0.25 for familiar IS trials versus the early phase of learning, 0.42 versus the middle phase, 0.73 versus the late phase, and 0.80 versus the established phase. These statistical differences, based on the z-transformed r values, were highly significant (Fc3,s4)= 6.19;~ < 0.007). Post hoc tests (Scheff&s test, p < 0.05) showed that the difference could be attributed to the comparisons of early versus late, early versus established, and middle versus established phases. Note that most cases eventually, by the end of the learning phase, adopted a fairly close correlation with the directionality in familiar IS trials, although a few outliers can be observed (Fig. 7, right) .
The result of this correlational analysis agreed with the confidence-limit test, outlined above (see Batschelet, 1981 ) in 22 directional cases tested against the 99% confidence limit for the PDs in familiar IS trials. During early phase of learning, 12 cases middle, and late phases of learning. We examined activity in the had PDs for novel IS trials that deviated from that confidence first correctly executed trial (for each saccade direction), a subselimit. Twelve, seven, and three cases remained outside those limits quent set of five trials (the 2nd through 6th correct trials), the next during the middle, late, and established phases, respectively. five (the 7th through 11th) and the last two trials. For familiar IS These results indicate that the PDs on novel IS trials eventually trials, PDs fell within the 99% confidence limit in 20, 19, 21, and converge on those for familiar IS trials. When the PDs for familiar 21 cases for those four time bins, respectively. For novel IS trials, IS trials were calculated for each learning phase, they were highly 10, 10, 15, and 18 cases showed such PD stability in the correconsistent, with nearly all of them (20, 19, 21 , and 21 of 22 cases sponding chronological time windows. Note that a similar pattern during the early, middle, late, and established phases, respec-of PD lability occurred when comparing the chronological and tively) within the 99% confidence limit for all correctly executed, performance-aligned analyses: 12, 12, 7, and 4 cases lacked stafamiliar IS trials. We also performed the confidence-limit test bility (i.e., fell outside the 99% confidence limits) in the former on the data as chronologically acquired, i.e., without the analysis, whereas 12, 12, 7, and 3 did so in the latter, as learning performance-based alignment inherent in the designation of early, progressed. The cases that have significant PDs for familiar IS trials almost always show some directional bias during learning (see Fig.  lOC,D) , although, as illustrated in Figure . 5B, the direction of that bias may change. The vast majority (86-91%) of the cases exhibited directional biases 20.2, a cut-off value that separated the directional cases from the omnidirectional ones (see Fig. 100 ) for familiar IS trials. Among these cases, 17 of 23 (74%) showed a PD during all phases of learning. Thus, PDs change during learning rather than disappear for substantial periods. Figure 1OC shows that the magnitude of directional bias was not different among the learning phases (Kruskal-Wallis test, p > 0.4), with the average mean vectors ranging between 0.47 and 0.57. A cell-by-cell analysis confirmed the case-by-case analysis described here (also see Table 1 ).
Cells lacking
PDs for familiar IS trials As noted in the previous section, some learning-dependent cases showed PDs for familiar IS trials, whereas others did not. These omnidirectional, learning-dependent cases were significantly modulated relative to reference-period activity, but lacked significant directional biases for familiar IS trials. Another class showed no task-related activity for familiar IS trials and, therefore, also lacked PDs on those trials. In the terminology of Chen and Wise (1995a), those cases are termed "learning-selective." Figure 8 shows the evolution of neuronal activity of an SEF cell with omnidirectional discharge for familiar IS trials. Much like the cell illustrated in Figures 3 and 4 , the activity of this neuron rose in parallel with the improvement of performance, at least during the early and middle phases of learning. Note that the activity levels for the some saccade directions differed from the others in earlier phases (Fig. 8D) : discharge for leftward saccade trials was essentially zero in the middle phase of learning, but that for upward and rightward saccade trials was -15 impulses/set. By the time of the established phase of learning, activity for leftward trials remained slightly but insignificantly less than that for the other directions, and activity for novel IS trials in all saccade directions fell in the 2.5-35 impulses/set range. The mean vector length was 0.43 in the middle phase of learning but only 0.11 in the established phase. Thus, in the early phases of learning, the cell exhibited a transitory directional bias. Later, the directional bias dissipated to negligible levels. The cell retained an omnidirectional tuning for familiar IS trials (Fig. 8C ) throughout learning, with some fluctuation, but with a consistently low mean vector length (~0.08) in all phases. Transitory directional biases appear to be the rule rather than the exception (Fig. 9) . We assessed 12 learning-dependent cases (obtained from 8 cells) for which all four directions could be adequately tested. None of these cases showed PDs for the familiar IS trials. However, all of these cases showed a transient PD during the course of learning. Figure 1oA illustrates the magnitude of directional bias for this neuronal subpopulation. The average mean vectors were 0.33 for the early learning phase, 0.19 for the middle phase, 0.18 for the late phase, and 0.15 for the established phase. There were significant differences among the learning phases (Kruskal-Wallis test, p < 0.01). The post hoc analyses indicated that the difference could be attributed to the early versus late phases (Mann-Whitney U test, p < 0.04), early versus established phases @ < 0.02), and early phase versus familiar IS trials (p < 0.0004). Figure 1OB illustrates the proportion of cases having transient PDs ~0.2 in each phase of learning: 58% for the early phase of learning, which decreased to 50% by the middle phase; 33% by the late phase; and 25% by the established phase. Together, the measures show that these cells were directional during the early phases of learning, but later decreased their directional biases. Examples were found in all task periods. Figure 11 illustrates the activity of a learning-selective case. As with learning-dependent activity, learning-selective activity increased, at first, in parallel with the improvement of performance (Fig. llA,B) . However, unlike learning-dependent cases, this learning-selective activity eventually ceased to differ significantly from reference-period activity. Note that when the activity increased, it peaked at different activity levels for different saccade directions (Fig. 110) . Another learning-selective cell is illustrated in Figure 12 . That cell also showed transient PDs during learning. Twenty-four learning-selective cases, obtained from 16 cells, could be adequately tested. We defined directional biases as cases with mean vectors of at least 0.2 and activity >3 impulses/set for at least one saccade direction. By these criteria, all but one case showed a transient novel IS PD during the course of learning. Directional biases occurred progressively less frequently as the behavior was acquired. Fourteen of 24 (58%) cases were directionally biased in the early, 11 of 24 (46%) in the middle, and 8 of 24 (33%) in the established phases. Examples were found in all task periods. In 23 nondirectional cases tested for familiar IS trials, only 2 cases had mean vectors of at least 0.2 and activity >3 impulsesisec during the early phase of learning. Four, five, and five cases exceeded those limits during middle, late, and established phases, respectively. These results indicate that cells rarely showed a substantial PD on familiar IS trials during any phases of learning, in contrast to their behavior during interleaved novel IS trials during the same time periods. Localization Figure 13B shows the location of penetrations yielding learningdependent cases with versus without PDs for familiar IS trials. The learning-selective cases that make up the present data set are depicted in Figure 13C . The locations of these surface projections can be referenced to electrode tracks reconstructed in Figure 15 of Chen and Wise (1995a) .
DISCUSSION PD lability
Conditional motor learning confers the ability to link any discriminable stimulus with any response. The evolution of PDs during learning may reflect a reorganization of the premotor network that underlies this highly flexible selection process, and PD lability may represent changes in afferent associative strength. This interpretation has been emphasized in computational models of conditional motor learning (Fagg and Arbib, 1992; Dominey et al., 1995) which show similar changes in neuronal discharge rates and directional selectivity as the network learns an arbitrary stimulus-response relationship. In those models, inputs reflecting visual stimuli are flexibly linked with output modules that contribute to movements in a given direction. As the network learns to produce a winner-takes-all output in response to an arbitrary input, the synaptic weights between that input and the appropriate network outputs increase, whereas others decrease. A leftward saccade output unit might "respond" to a rightward IS early in learning, although it contributes an (outvoted) leftward vector to the network's output computation.
Later, as learning consolidates, the afferent weights to the unit change to evoke greater activity for leftward ISs (and less for rightward ISs), which causes the unit to contribute more appropriately to the network's output. This evolution in afferent drive would appear as a change in PD as it is usually calculated. Thus, the lability of PDs in SEF does not imply that the effective (or motor) output of the cells changes with experience, although that remains a possibility. Another possibility is that the PDs represent motor efference copy that can be used in local, unsupervised training processes. We will not speculate further about the causal mechanisms underlying these flexible stimulus-response transformations, but we note that any theory of such behavior should account for the observed lability in PDs.
In the primary motor cortex, the directional tuning of individual neurons supports the computation of a population vector, a transformed directional signal based on an activity-weighted circular average of a cell population (Georgopoulos et al., 1983 (Georgopoulos et al., , 1989 Chen and Wi se . Evolution of Preferred Direction i n SEF J. Neurosci., May 1, 1996, 76(9):3067-3081 3079 1992). In the calculation of a population vector, each cell's weighted contribution for a given movement direction is predicted with respect to that neuron's PD. Ignoring, for the sake of discussion, any potential differences between cortical areas and behavioral tasks, the finding of pervasive lability in the PDs of individual SEF neurons suggests that the computational basis for a population vector changes dramatically during learning.
Context dependency Because the neuronal discharge was correlated with saccadic eye movements in a context-dependent manner (e.g., early but not later during learning), the neural signals we observed are unlikely to reflect simple motor command signals, even for discharge modulations that occur immediately before the saccade and are time-locked to it. Similarly, because the activity differs significantly when a given novel IS appears early versus late in learning, the activity modulation is unlikely to reflect sensory information processing, per se, even in those neurons for which the neural signal shortly follows and is time-locked to the stimulus presentation. Thus, PD lability during conditional oculomotor learning provides further cause to reject interpretations of neuronal activity based solely on temporal correlation with events (see Boussaoud and Wise, 1993; di Pellegrino and Wise, 1993; Vaadia et al., 1995) . These considerations reinforce the view that neuronal activity in premotor cortex, construed generally to include oculomotor and skeletomotor areas, reflects the instructional significance of stimuli in a particular behavioral context, regardless of when, during a trial, that activity occurs. Mann et al. (1988) reported that operantly conditioning monkeys to make saccades to a tied spatial array of targets biased the effects of microstimulating SEF (which they term the dorsomedial frontal cortex). Most of the microstimulation-evoked saccades were directed toward the targets of the conditioned array. We did not attempt microstimulation during conditional oculomotor learning. Nevertheless, our results agree, in general, with the thesis proposed by Mann et al. (1988) . SEF PDs are labile and dramatically affected by both experience and context, and they converge on PDs for the well learned, familiar stimuli as a novel stimulus-response association becomes consolidated.
Role of omnidirectional and learning-selective neurons It is generally assumed that omnidirectional neurons, i.e., those lacking PDs, are uninvolved in the neural network responsible for selection of movement direction. As we demonstrate here, neurons with such properties may have PDs transiently during conditional oculomotor learning. Thus, these cells may participate in the process of selecting movement direction, especially during periods of stimulus-response learning. As we have pointed out previously (Chen and Wise, 1995a) , the learning-selective activity may play a transitory role in selection of movement direction during learning or when a response must be selected on some basis other than a learned stimulus-response association. We also note that a significant population of SEF neurons do not show learning-related changes, and thus will yield no modulation in their PDs (Chen and Wise, 1995a) .
Interpretational issues Saccadic eye movements were highly stereotyped in all directions, and reaction time was almost constant, regardless of saccade direction. There was no significant change in gaze stability at either the origin or any of the targets. There were some modulations of muscle activity in this oculomotor task, but none of them showed significant differences among saccade directions. Thus, we conclude that none of these factors contributed to our result.
The task design limited the influence of selective attention or different coordinate frames. During the task, the monkey had to attend to two sensory events: the visual IS and the disappearance of the fixation point. Both occur at the center of the screen and at the fovea. Thus, it is likely that the visual attention was centrally directed. The stability of reaction time during learning, regardless of saccade direction, argues against any systematic variation in attention with particular movement directions or during learning. And, because the monkey's head was fixed and gaze controlled, the location of stimuli was constant in all relevant coordinate systems. Thus, variations in spatial coordinate frames [e.g., craniocentric versus retinocentric systems (Schlag and Schlag-Rey, 1987b) or object-centered versus viewer-centered references (Olson and Gettner, 1995)] could not have affected our results.
Our main method for calculating PD involved aligning the data for each saccade direction on the attainment of criterion performance. One might object that we never calculated the PD at any point in chronological time and, therefore, that baseline activity might change the apparent PD. However, this potential difficulty is less significant than it might appear. First, the learning rate for each novel stimulus correlated fairly well during learning. Second, the early and established learning phases consisted of the first trial and the last two trials in a learning block, respectively, which were unaffected by our performance-based alignment method. Thus, our two principal conclusions (that PDs change or disappear during learning) do not depend on the averaging method chosen. Performance-based alignment seems to us the most reasonable method for estimating the PD without biasing the estimate with effects of performance level. The possibility that cells either became generally inactive, artifactually excited, or inadequately isolated during learning was examined closely. Both familiar and novel ISs, instructing the same saccade directions, were presented pseudorandomly in interleaved trials within the same learning session. The relative stability of the activity associated with the familiar IS and the lack of systematic change in reference-period activity argues strongly against the possibility that PD shifts resulted from a change in cell excitability (baseline drift) or from poor isolation.
Two additional issues bear careful scrutiny. Differences between familiar and novel IS activity, including PD, could result from features of the visual stimuli involved or from variation reflecting the small number of trials in each learning phase. Stimulus feature coding cannot explain the evolution of discharge modulation during learning because the stimulus and response were identical for the first and last correctly executed trials (see Fig. 30 ). Further, as learning progressed, activity levels and directional biases for novel IS trials tended to converge on those for familiar IS trials. And the small number of trials in each learning phase was not responsible for our result: familiar IS PDs showed relatively constant properties when calculated for the same learning phases with comparable numbers of trials.
Conclusion
The PD lability reported here reinforces the notion that, in SEF and in other premotor areas (Aizawa et al., 1991; Mitz et al., 1991; Germain and Lamarre, 1993) , activity levels and patterns change rapidly during learning. Conditional motor learning, which typically involves the mapping of nonspatial information onto spatially directed motor acts, reflects the most flexible of stimulusresponse associations. The ability to rapidly form and break such
